The prefrontal cortex (PFC) is characterized by delayed maturation that extends until 14 adulthood. Although the adolescent PFC has been well investigated, the cellular mechanisms 15 controlling the early development of prefrontal circuits are still largely unknown. Our study 16 delineates the developmental cellular processes that are on-going in the mouse medial PFC 17 (mPFC) during the second and third postnatal weeks and compares them to those in the barrel 18 cortex (BC). We show that basal synaptic transmission decreases from the second to the third 19 postnatal week in both brain areas due to increased spontaneous inhibitory currents and 20 reduced excitatory ones. Furthermore, increasing GABAA receptor (GABAAR) activity leads to 21 increased basal synaptic response of neonatal mPFC, but not BC. Additionally, the K-Cl co-22 transporter 2 (KCC2) expression is decreased in the neonatal mPFC compared to the pre-23 juvenile one as well as to the neonatal and pre-juvenile BC, suggesting that GABAAR function 24 in the neonatal mPFC is non-inhibitory. Moreover, the intrinsic properties of both 25 interneurons and pyramidal cells change with age and relate to augmented network activity 26 across development. 27 28 Keywords: development, prefrontal cortex, barrel cortex, GABAAR, interneurons, KCC2. 29 30 Abbreviations 31 BC: Barrel Cortex 32 mPFC: medial Prefrontal Cortex 33 P10: Postnatal day 10 34 PNs: Pyramidal neurons 35 INs: Interneurons 36 37
Introduction 38
During early postnatal development, major events that contribute to cortical circuit 39 maturation include spatial and temporal patterns of electrical activity, intrinsically 40 determined cell death of early postnatal cortical interneurons and the depolarizing action of 41 the neurotransmitter GABA (γ-aminobutyric acid) 1-9 . The developmental switch of GABA 42 action from depolarizing to hyperpolarizing results from changes in chloride co-transporter 43 expression: Na + -K + -Clcotransporter 1 (NKCC1), the Climporter, is highly expressed early in 44 development, while the expression of the co-transporter KCC2, the Clexporter, increases 45 after the first postnatal week 10-13 . In addition, both intrinsic properties of neurons and 46 synaptic transmission undergo dramatic changes during early postnatal development in a 47 brain-area specific manner 14-18 . 48 Most studies on these developmental changes of the GABAergic system in the cortex 49 have focused on the primary somatosensory cortex, visual cortex and hippocampus [19] [20] [21] . The 50 barrel cortex (BC) is part of the primary somatosensory cortex and is organised vertically in 51 columns of cells associated with sensory perception 22 and horizontally in six layers of distinct 52 cell types. In contrast, cortical association areas such as the prefrontal cortex (PFC) regulate 53 cognitive functions and do not directly control sensory information 23 . Anatomically, the 54 mouse medial PFC (mPFC) is defined as the agranular part of frontal lobe, lacking the 55 prominent granular layer IV and is divided into distinct subregions, namely infralimbic, 56 prelimbic and cingulate cortex 24, 25 . The timeline of mPFC development is delayed compared 57 to other sensory cortices, such as BC [26] [27] [28] . From infancy to adulthood, the developing mPFC 58 undergoes considerable transcriptional, structural, neuronal changes 28-32 . 59 While adolescent development of prefrontal circuitry and the underlying cellular 60 mechanisms have been addressed by a large number of studies, only few investigations 61 tackled the wiring processes at earlier stages 5,33,34 . However, specific knowledge is missing for 62 the physiological and cellular changes that are on-going in the mPFC between the second 63 lower sIPSC frequency in the mPFC compared to BC at both ages (Figure 2a ). The decay time 96 constant were similar (Figure 2a,d) , while the sIPSC amplitude was significantly smaller at P20 97 in the mPFC compared to BC (Figure 2a,b) . 98
The sEPSC frequency was significantly decreased at P20 compared to P10, in both areas 99 (Figure 2e,f) , while the amplitude and decay time constant were unaltered (Figure 2e,g,h) . 100
Upon comparing the two brain areas, the sEPSC frequency and amplitude were found 101 significantly decreased in mPFC, compared to BC, at P10 (Figure 2e,f) . At P20, the sEPSC 102 frequency was similar between the two cortical areas, while the amplitude remained 103 significantly smaller in mPFC compared to BC in both ages (Figure 2e,g) . The decay time 104 constant was not different between areas at both ages (Figure 2e, h) . 105
The combination of reduced sEPSC and increased sIPSC frequency can underlie the 106 fEPSP reduction from P10 to P20 in mPFC and BC (Figure 1b,d) . 113 5 (b,d) Graphs showing the fEPSPs recorded in response to current pulses of increasing stimulus strength in layer 114 II/III of mPFC (b) and BC (d). Two-way repeated measures ANOVA analyses of evoked fEPSPs revealed a 115 significant effect of stimulus strength (F(7, 82) = 19.17, p<0.0001) and ages (F(1, 82) = 212.3, p<0.0001). Post-hoc 116 analysis showed the fEPSPs significantly decreased at P20 compared to P10 in layer II/III of mPFC (Sidak's test, 117 *p= 0.0106, **p=0.0012, ***p=0.0003 and ****p<0.0001) and BC (Sidak's test, *p=0.0279, ***p=0.0006 and 118 ****p <0.0001), (n=6-7 brain slices from 3-4 WT male mice). 
124
(b) Bar graph showing the sIPSC frequency (Hz) at P10 and P20 mPFC and BC pyramidal neurons. Two-way 125 ANOVA analyses showed a significant effect of age (F(1,74)=54.74, p<0.0001) and brain area (F(1,74)=30.36, 126 p<0.0001). Post-hoc analysis showed that sIPSC frequency was significantly increased at P20 compared to P10 127 in mPFC (Tukey's test, p=0.0001) as well as in BC (Tukey's test, p<0.0001). Furthermore, sIPSC frequency was 128 significantly decreased in mPFC compared to BC at P10 (Tukey's test, p=0.0076) as well as at P20 (Tukey's test, 129 p=0.0002), (n=9-13 cells from 5-9 mice/age group).
130
(c) Bar graph showing the sIPSC peak amplitude at P10 and P20 of mPFC and BC pyramidal neurons. Two-way 131 ANOVA analyses showed a significant effect of age (F(1,65)=30.78, p<0.0001) and brain area ((F(1,65)=13.85 132 p<0.0001). Post-hoc analysis showed that the sIPSC amplitude (pA) was significantly increased at P20 compared 133 to P10 in BC (Tukey's test, p<0.0001) but not in mPFC (Tukey's test, p=0.63). The sIPSC amplitude was 134 significantly decreased at P20 in mPFC compared to BC (Tukey's test, p<0.0001) but not at P10 between areas 135 (Tukey's test, p=0.9993), (n=9-13 cells from 5-9 mice/age group).
136
(d) Bar graph showing the sIPSC decay time constant (τm) at P10 to P20 of mPFC and BC pyramidal neurons.
137
Two-way ANOVA analyses did not show any significant effect of age (F(1,45)= 0.11, p=0.73) or brain area (F(1, 45) = 138 0.96, p=0.33) was found (n=9-13 cells from 5-9 mice/age group).
139
(e) Representative traces of spontaneous excitatory postsynaptic currents (sEPSCs) from layer II/III mPFC (left) 140 and BC (right) pyramidal neurons at P10 (green) and P20 (black).
141
(f) Bar graph showing the sEPSC frequency at P10 to P20 of mPFC and BC pyramidal neurons. Two-way ANOVA 142 analyses showed a significant effect of age (F(1,68)=26.8, p<0.0001) and brain area (F(1,68)=10,82 p=0.0016). Post-143 hoc analysis showed that the sEPSCs frequency significantly decreased at P20 compared to P10 in mPFC (Tukey's 144 test, p= 0.0112) and BC (Tukey's test, p= 0.0009). Comparison of the two brain areas at P10, the sEPSCs frequency 145 was significantly decreased in mPFC compared to BC (Tukey's test, p= 0.0250), (n=9-13 cells from 5-9 mice/age 146 group).
147
(g) Bar graph showing the sEPSCs peak amplitude at P10 to P20 of mPFC and BC pyramidal neurons. Two-way 148 ANOVA analyses showed a significant effect of brain area (F(1,73)=42.7, p<0.0001) but not of age (F(1,73) = 3.435, 149 p=0.067). The sEPSC amplitude was not significantly different at P10 and P20 in mPFC (Tukey's test, p= 0.1918) 150 and BC (Tukey's test, p=0.8617). On the other hand, the sEPSC amplitude was significantly decreased in mPFC 151 compared to BC at P10 and P20 (Tukey's test, p<0.0001) (n=9-13 cells from 5-9 mice/age group).
152
(h) Bar graph showing the sEPSCs decay time constant (τm) at P10 to P20 of mPFC and BC pyramidal neurons.
153
Two-way ANOVA analyses showed no significant effect of age (F(1,57) = 0.22, p=0.27) or brain area (F(1,57) = 0.77, 154 p=0.39) (n=9-13 cells from 5-9 mice/age group). Changes in interneuron properties could underlie the increased sIPSC frequency. To 159 investigate this, we performed current-clamp recordings from layer II/III mPFC and BC of 160 Lhx6 + interneurons. For this reason, Lhx6-cre;ROSA26fl-STOP-fl-YFP mice were used in which 161 Lhx6 + interneurons express YFP. Lhx6 is expressed by all post-mitotic and mature MGE-162 derived interneurons 37 , therefore, YFP is expressed in MGE-derived interneurons, which 163 include interneurons that express parvalbumin (PV + ) and somatostatin (SST + ). 164
Upon analysis of the passive properties, we found a significant decrease in the input 165 resistance, a significant increase in the membrane capacitance and a trend towards decrease 166 of the membrane time constant in the mPFC at P20 compared to P10, but no difference in 167 the resting membrane potential (RMP) (Figure 3 , Table 1 ). Compared to BC, the input 168 resistance and membrane time constant were significantly higher in mPFC, at P10 (Figure 3 , 169 Table 1 ). 170
With regard to the active properties, the rate of rise (dv/dt) was significantly 171 increased, while the duration of AP (half-width) was significantly reduced at P20 compared to 172 P10 in mPFC (Figure 4b -c, Table 1 ). On the other hand, the amplitude, the rheobase, the 173 threshold of the AP and the amplitude and time of AHP were not different between P10 to 174 P20, in the mPFC (Figure 4a ,d-g, Table 1 ). Compared to BC at P10, we observed that the AP 175 amplitude was significantly increased (Figure 4a, Table 1 ), while AHP amplitude was 176 significantly decreased in the mPFC (Figure 4f , Table 1 ). The increased rate of rise and the 177 decreased AP duration are possibly linked with the up-regulation of voltage-dependent 178 sodium channels during development 38 , and in combination with the reduced AHP amplitude 179 suggest that the PFC MGE-interneurons at P10 are still quite immature, when compared with 180 adult PV + /SST + interneurons in mPFC 39, 40 . 181
Overall, these data indicate that some intrinsic properties of interneurons in mPFC are 182 regulated by age (from P10 to P20) reaching values that closer resemble adult MGE-derived 183 interneurons 39,40 . Therefore, the increased sIPSC frequency of mPFC pyramidal neurons 184 observed at P20, compared to P10 could partly be explained by these altered properties of 185 presynaptic interneurons. 
196
(c) Bar graph showing the input resistance of interneurons at P10 and P20 in mPFC and at P10 in BC. One-way 197 ANOVA analyses showed significant effect among groups (F(2, 22)= 10.25, p=0.0007). Post-hoc analysis showed 198 that the input resistance significantly decreased at P20 compared to P10 in mPFC (Tukey's test, p=0.0013) and 199 was significantly higher in mPFC compared with BC, at P10 (Tukey's test, p=0.0031), (n=8-9 cells from 5-6 200 mice/age group).
201
(d) Bar graph showing the membrane time constant (τm) of interneurons at P10 and P20 in mPFC and at P10 202 in BC. One-way ANOVA analyses showed significant effect among groups (F (2, 19) = 4.41, p=0.026). Post-hoc 203 analysis showed that τm was not significantly altered at P20 compared to P20 in mPFC (Tukey's test, p=0.24) 204 while it was significantly higher in mPFC compared to BC, at P10 (Tukey's test, p=0.021), (n=8-9 cells from 5-6 205 mice/age group).
206
(e) Bar graph showing the membrane capacitance (Cm) of interneurons at P10 and P20 in mPFC and at P10 in 207 BC. One-way ANOVA analyses showed significant effect among groups (F(2,16)=4.0, p=0.03). Post-hoc analysis 208 showed that Cm was significantly higher at P10 compared with P20 in mPFC (LSD test, p=0.04) and was not 209 significantly different between mPFC and BC, at P10 (LSD test, p=0.7), (n=6-9 cells from 5-6 mice/age group). 
213
(a) Bar graph showing the action potential (AP) amplitude of interneurons at P10 and P20 in mPFC and at P10 214 in BC. One-way ANOVA analyses showed significant effect among groups (F(2,19)=3.93, p=0.037). Post-hoc analysis 215 showed that the AP amplitude was not significantly different at P20 compared to P10 in mPFC (Tukey's test, p= 216 0.76). Compared to BC, the AP amplitude was significantly higher in mPFC at P10 (Tukey's test, p= 0.03), (n=6-9 217 cells from 5-6 mice/age group).
218
(b) Bar graph showing the AP rate of rise (dv/dt) of interneurons at P10 and P20 in mPFC and at P10 in BC.
219
One-way ANOVA analyses showed significant effect among groups (F(2,17)=20.03, p<0.0001). Post-hoc analysis 220 showed that the AP rate of rise significantly increased at P20 compared to P10 in mPFC (Tukey's test, p=0.0011)
221
and was not significantly different in mPFC compared to BC, at P10 (Tukey's test, p=0.3), (n=6-9 cells from 5-6 222 mice/age group).
223
(c) Bar graph showing the AP duration (half-width) of interneurons at P10 and P20 in mPFC and at P10 in BC.
224
One-way ANOVA analyses showed significant effect among groups (F (2,18) = 11.69, p=0.0006). Post-hoc analysis 225 showed that the AP duration significantly decreased at P20 compared to P10 in mPFC (Tukey's test, p= 0.0077)
226
and was not significantly different between mPFC and BC, at P10 (Tukey's test, p=0.64), (n=6-9 cells from 5-6 227 mice/age group).
228
(d) Bar graph showing the AP rheobase of interneurons at P10 and P20 in mPFC and at P10 in BC. One-way 229 ANOVA analyses showed no significant effect among groups (F(2, 17) = 0.33, p=0.7), (n=6-9 cells from 5-6 mice/age 230 group, p=0.7).
231
(e) Bar graph showing the AP threshold of interneurons at P10 and P20 in mPFC and at P10 in BC. One-way 232 ANOVA analyses showed no significant effect among groups (F(2, 18) = 0.7722, p=0.4767), (n=6-9 cells from 5-6 233 mice/age group).
234
(f) Bar graph showing the AHP (afterhypolarization) amplitude of interneurons at P10 and P20 in mPFC and at 235 P10 in BC. One-way ANOVA analyses showed significant effect among groups (F(2,17) = 4.984, p=0.0198). Post-236 hoc analysis showed that the AHP amplitude was not significantly different at P20 compared to P10 in mPFC 237 (Tukey's test, p=0.7167) and was significantly decreased in mPFC compered to BC, at P10 (Tukey's test, p= 238 0.0241), (n=6-9 cells from 5-6 mice/age group).
239
(g) Bar graph showing the AHP time of interneurons at P10 and P20 in mPFC and at P10 in BC. One-way ANOVA 240 analyses showed no significant effect among groups (F(2,16)=0.45, p=0.64), (n=6-9 cells from 5-6 mice/age group).
241
(h) Representative traces of APs of layer II/III Lhx6+ interneurons in mPFC (left) and BC (right) at P10 (green) 242 and P20 (black).
244
The emergence of PV immunoreactivity is delayed in mPFC compared to BC 245 An additional explanation for the increased sIPSC frequency could come from 246 alterations in interneuron cell densities. To test this, we quantified the number of 247 interneurons per area in cryosections at P10 and P20 mPFC and BC coronal brain slices of 248 Lhx6 + -expressing mice. In these, Lhx6 + interneurons express YFP. The YFP + positive cells per 249 area (i.e. Lhx6 + cell density) in mPFC and BC was similar between ages, but was significantly 250 reduced in the mPFC, compared to BC (Figure 5a) . 251
The transcription factor Lhx6 is required for the specification and maintenance of main 252 MGE-derived interneurons, PV and SST-positive interneuron subtypes, at postnatal ages 37 . 253
The neuropeptide SST (both mRNA and protein) is progressively expressed from embryonic 254 to postnatal levels 41,42 . We found that the SST mRNA levels were similar between areas and 255 ages (Figure 5b) . On the other hand, the emergence of PV immunoreactivity in the mouse 256 cortex shows a delayed development, starting from early postnatal period to adult, with 257 marked area-specific differences 43 . We found that PV was only immunoreactive in BC, and 258 not in mPFC, at P10 (Figure 5c and Supplementary Figure 1) . At P20, PV was immunoreactive 259 in both mPFC and BC, but PV + cell density was significantly lower in the mPFC, compared to 260 BC (Figure 5c and Supplementary Figure 1) . Overall, the densities of Lhx6 + and PV + cells are 261 lower in the mPFC compared to BC, while SST + is not altered (Supplementary Figure 2) . 262
We also counted the total cell density of mPFC and BC from neonatal and juvenile 263 mice (Supplementary Figure 3a) using Nissl staining. In the mPFC the cell density significantly 264 decreased at P20 compared to P10 (Supplementary Figure 3b) . On the contrary, in BC, the 265 total cell density significantly increased at P20 compared to P10 (Supplementary Figure 3b ) 266 When the two brain areas were compared, no difference was found at P10, while the mPFC 267 cell density was significantly decreased compared to BC at P20 (Supplementary Figure 3b) . 
279
Post-hoc analysis showed that the Lhx6 + cell density was not significant different at P20 compared to P10 in 280 mPFC and BC (LSD test, p=0.91 and p= 0.63, respectively). The Lhx6 + cell density was significantly lower in mPFC 281 compared to BC at P10 and P20, respectively (LSD test, p=0.01 and p= 0.02, respectively), (n=10-11 brain slices 282 from 4-5 mice/age group). 
291
= 40.06, p<0.0001) and brain area (F(1, 18) = 156.2, p<0.0001). PV + cells were not found in mPFC but were identified 292 in BC, at P10. Post-hoc analysis showed that the PV + cell density was not significantly different at P20 compared 293 to P10 in BC (LSD test, p= 0.1089), but was significantly lower in mPFC compared to BC at P20 (LSD test, 294 p<0.0001), (n=10-11 brain slices from 4-5 mice/age group).
296

GABA is non-inhibitory in the mPFC but not BC of neonatal mice 297
Our data so far have indicated several similarities in the development of mPFC and BC 298 from the neonatal to pre-juvenile period, but also an indication for delayed maturation of 299 several mPFC interneuron properties (intrinsic properties and PV immunoreactivity). 300 Therefore, it is likely that another GABAergic developmental process is delayed, and 301 specifically, that of the switch from depolarizing to hyperpolarizing function of GABAAR. It is 302 well known that GABAAR is depolarizing during the first postnatal week, but switches to 303 hyperpolarizing at P7 in the hippocampus, cortex and amygdala 8,12,44-49 . Therefore, at P10, 304 GABA A R function is inhibitory in the barrel cortex. We used diazepam (2μM) (a GABA A R 305 agonist) to enhance GABA A R function and determine whether it is depolarizing by measuring 306 the fEPSP response. At P10, diazepam did not significantly alter the fEPSP in BC, as expected 307 if GABAAR function is inhibitory. However, diazepam increased the fEPSP amplitude in mPFC 308 at P10 (Figure 6a-b) . At P20, the fEPSP amplitude was not significantly altered following 309 diazepam application in both mPFC and BC (Figure 6c,d) . These results suggest that the 310 GABAAR function is depolarizing in the mPFC at P10. 311
The switch in the GABAAR function from depolarizing to hyperpolarizing occurs due to 312 the increased expression of the K + -Clco-transporter 2 (KCC2) 50 . Therefore, we measured 313 KCC2 protein levels and demonstrated that they were significantly increased at P20 compared 314 to P10 in the mPFC but not in the BC (Figure 7a,b) . These results further support our 315 hypothesis that the GABAAR function is depolarizing at P10 in the mPFC and could explain the 316 observed increased fEPSPs and decreased sIPSCs. 
349
No significant changes in pyramidal neuron excitability 350
To determine whether the reduced sEPSC frequency can be explained by changes in 351 pyramidal neuron excitability, we investigated their intrinsic properties. The passive and 352 active properties of these neurons were measured using current-clamp recordings from layer 353 II/III mPFC and BC pyramidal neurons. With regards to passive properties, no significant 354 differences were observed in the RMP, the input resistance and the membrane time constant 355 between brain regions and ages (Supplementary Figure 4, Table 1 ). Only the membrane 356 capacitance was significantly increased at P20 compared to P10 (Supplementary Figure 4d , 357
Table 1), in both brain areas. In addition, the number of spikes generated with increasing 358 current stimulation was not significantly different between ages and regions (Supplementary 359 Figure 5 ). 360
In terms of active properties, the AP amplitude and rate of rise were increased at P20 361 compared to P10 mPFC, while the AP half-width, rheobase and threshold were not 362 significantly different (Figure 8, Table 1 ). The AP amplitude was also significantly increased at 363 P20, compared to P10 in BC, while the other properties did not change (Figure 8, Table 1) . 364
Comparing the two regions at the two ages, we found no significant differences of AP 365
properties of pyramidal neurons (Figure 8, Table 1 ). The developmental increase of AP 366 amplitude and rate of rise in the mPFC could be due to the on-going maturation of sodium 367 channels in pyramidal neurons. However, these changes could not account for the reduced 368 sEPSCs in the neonatal, compared to pre-juvenile, mPFC and BC. 369 
379
(c) Bar graph showing the AP rate of rise (dv/dt) of pyramidal neuron at P10 and P20 in mPFC and BC. Two-380 way ANOVA analyses showed a significant effect of age (F (1,30) = 13.53, p=0.0009) but not on brain area (F (1, 30) = 381 0.36, p=0.55) was found. Post-hoc analysis showed that the AP rate of rise significantly increased at P20 382 compared to P10 in mPFC (Tukey's test, p= 0.0095), but not in BC (Tukey's test, p= 0.25) (n=8-14 cells from 6-10 383 mice/age group).
384
(d) Bar graph showing the AP duration (half-width) of pyramidal neuron at P10 and P20 in mPFC and BC. Two-385 way ANOVA analyses showed no significant effect of age (F(1, 33) = 0.52, p=0.47) or brain area (F(1, 33) = 0.43, 386 p=0.51) was found (n=9-14 cells from 6-10 mice/age group).
387
(e) Bar graph showing the AP rheobase of pyramidal neuron at P10 and P20 in mPFC and BC. Two-way ANOVA 388 analyses showed no significant effect of age (F(1, 36) = 0.66, p=0.41) or brain area (F(1, 36) = 0.16, p=0.69) was found 389 (n=9-14 cells from 6-10 mice/age group).
390
(f) Bar graph showing the AP threshold of pyramidal neuron at P10 and P20 in mPFC and BC. Two-way ANOVA 391 analyses showed no significant effect of age (F(1,31) = 1.90, p=0.17) or brain area (F(1,31)=0.55, p=0.46) was found 392 (n=9-14 cells from 6-10 mice/age group).
394
Increased firing activity in vivo in the mPFC between the second and third postnatal weeks 395
To investigate the physiological network activity in vivo, multisite recordings of the 396 LFP and multi-unit activity (MUA) were performed in layers II/III of mPFC at P8-10 and P20-397 23. A significant increase of MUA was identified at P22 compared to P9 mice, indicating a 398 developmental increased spiking activity in layers II/III of mPFC on the third compared to the 399 second postnatal week. These results corroborate the increased AP amplitude and rate-of-400 rise of P20 mPFC pyramidal neurons (Figure 9, Table 1 ) and provide further evidence that the 401 decreased synaptic activity of mPFC circuits cannot be attributed to increased spiking activity 402 of mPFC neurons at P10. 403 Our study has identified significant developmental events in the mPFC and the BC 414 between the second and third postnatal weeks. Specifically, we have shown that the basal 415 synaptic transmission decreases from the second to the third postnatal week, a fact that can 416 be explained by a concurrent decrease in the sEPSCs and an increase in the sIPSCs in both 417 mPFC and BC. Moreover, our data support a depolarizing action of GABAAR in the second 418 postnatal week, in the mPFC only, as indicated by increased basal synaptic transmission 419 following GABAAR activation and decreased protein levels of KCC2. In parallel, the intrinsic 420 properties of both interneurons and pyramidal cells change with age and relate to augmented 421 network activity across development. The GABAAR switch from depolarizing to hyperpolarizing occurs at P7 in the 436 hippocampus, cortex, amygdala 12,44-49 . Our study suggests that this switch is delayed in the 437 mPFC compared to primary somatosensory cortex and it takes place between P10 and P20. 438
Specifically, we show that increased GABAAR activity leads to enhanced fEPSPs in neonatal 439 mPFC (P10), suggesting that the GABAAR function is depolarizing in the mPFC at P10. This 440 hypothesis is further supported by decreased levels of KCC2 transporter in the neonatal 441 mPFC. Our results could have implications for understanding the delayed maturation of mPFC 442 compared to other cortical areas, which may depend on a combination of a delayed switch 443 from depolarizing-to-hyperpolarizing function of GABAAR and maturation of interneurons. 444 445
Interneurons and mPFC development 446
Recordings of Lhx6 + -interneurons indicate that both passive and active properties are 447 regulated by age and reach values that better resemble adult MGE-derived interneurons. 448
Specifically, we have found that the input resistance and AP width decrease while the AP rate 449 of rise increases in the mPFC at P20 compared to P10. In part, similar findings have been 450 identified for PV + cells in the hippocampus 58,59 and SST + cells in the anterior cingulate cortex 39 . 451
On the other hand, the AHP amplitude is still quite immature in the mPFC at P20, compared 452 to PV + , SST + interneurons in primary sensory areas or the hippocampus and compared to adult 453 mPFC 39, 40, 58 . Therefore, it is likely that the physiological properties of PV+ and SST+ 454 interneurons in the mPFC continue to change past the third postnatal week. 455
Our knowledge on the neonatal physiology of mPFC is very limited. It has been shown 456 that PV expression is lowest in juveniles and increases during adolescence to levels similar to 457 those observed in adulthood 60 . Furthermore, PV expression is not evident in the neonatal 458 period and emerges during the pre-juvenile period in the mPFC 61-64 . Our results agree with 459 these findings, as PV expression was detected during the pre-juvenile period in the mPFC. 460
Dysfunction of PV + interneurons is sufficient to result in behavioural (and other) changes 461 similar to those observed in a range of psychiatric disorders 65 . 462
In addition, our study has identified decreased excitatory and increased inhibitory 463 synaptic function between the second and third postnatal weeks. We show that the 464 frequency of sIPSCs in layer II/III pyramidal cells of mPFC increases from neonatal to pre-465 juvenile period, consistent with the developmental trajectory of IPSCs in layer III pyramidal 466 neurons of monkey PFC 66 and mouse mPFC 67 . 467 468
Pyramidal neurons and network activity 469
It has been suggested that spontaneous network activity changes from local, highly 470 synchronized to more diffuse from the second to the third postnatal weeks, in the primary 471 sensory cortices 68, 69 . Oscillatory activity in the mPFC first emerges at P15 70 . In this study, we 472 have found increased spiking activity in the mPFC during the third, compared to the second 473 postnatal week. This occurred despite the decreased excitatory and increased inhibitory 474 synaptic function, but could be explained partly by the developmental increase of AP 475 amplitude and rate of rise in the mPFC layer II/III pyramidal neurons, which could be due to 476 the on-going maturation of sodium channels in pyramidal neurons. 477
Studies in developing mPFC pyramidal neurons have proposed that there is a unique 478 sensitive time window for synaptic maturation of these neurons from individual cortical 479 layers. During rat mPFC layer V development, the intrinsic properties, synaptic inputs and 480 morphology of pyramidal neurons develop together during early postnatal life. While the 481 greatest changes were reported during the first ten days after birth, the adult-like properties 482 emerged after the end of the third week (P21) 71 . This study confirms that the second 483 postnatal week is a period of rapid growth, similar to that in other neocortical regions by 484 combining functional and structural measurements of developing pyramidal neurons in 485 mouse mPFC 72, 73 . 486 487
Developmental PFC malformation leads to cognitive disorders in adulthood 488
The neonatal functional maturation of GABAergic circuits and E/I (excitation to 489 inhibition) balance are critical for PFC-dependent behaviours and plasticity in the adult while 490 their malfunction leads to many psychiatric disorders 65,74,75 . From the prenatal period to late 491 adolescence, the PFC network is highly vulnerable to genetic and environmental factors 76 , 492 since the mPFC is one of latest cortical regions to develop 77 . While many studies have focused 493 on understanding several developmental processes during adolescence 78 , our knowledge 494 regarding the cellular and network developmental processes during the perinatal period is 495 significantly limited, despite significant evidence showing that environmental manipulations 496 during this period manifest as complex psychiatric and neurologic disorders in adulthood 79 . 497
The delayed developmental shift of GABA action in various mouse models mimicking 498 human brain disorders have been investigated, including the maternal immune activation 499 model 80,81 , the Scn1a and SCn1b mouse models of Dravet syndrome, the 22q11.2 deletion 500 syndrome 82,83 and the Fmr1 deficient model of fragile X syndrome 84 . In the latter study, early 501 postnatal correction of GABA depolarization (bumetanide-treated) led to sufficient 502 normalization of the mature BC network 84 . The impaired KCC2 has been proposed as a 503 potential therapeutic target of epilepsies by many studies in animal models and human 504 patients 85 . 505
Our study focuses in understanding the early developmental cellular and physiological 506 mechanisms of mPFC circuits, before adolescence, and proposes that the neonatal mPFC 507 compared to BC exhibits a delayed switch from depolarization to hyperpolarization function 508 of GABAAR. Our results raise the possibility that the delayed maturation of mPFC compared 509 to other cortical areas depends on a combination of a delayed switch from depolarization to 510 hyperpolarization function of the GABAAR and delayed maturation of interneurons. Slice Preparation: Mice (P10 and P20) were decapitated under halothane anesthesia. The 539 brain was removed promptly and placed in ice cold, oxygenated (95% O2 -5% CO2) artificial 540 cerebrospinal fluid (aCSF) containing (in mM): 125 NaCl, 3.5 KCl, 26 NaHCO3, 1 MgCl2 and 10 541 glucose (pH = 7.4, 315 mOsm/l). The brain was blocked and glued onto the stage of a 542 vibratome (Leica, VT1000S). Rostrocaudal coronal slices (400 μm thick) containing either the 543 mPFC (prefrontal cortex) or the BC (barrel cortex) region were selected and transferred to a 544 submerged chamber, which was continuously superfused with oxygenated (95% O2 -5% CO2) 545 aCSF containing (in mM): 125 NaCl, 3.5 KCl, 26 NaHCO3, 2 CaCl2, 1 MgCl2 and 10 glucose (pH 546 = 7.4, 315 mOsm/l) at room temperature (RT). The slices were allowed to equilibrate for at 547 least 1 h in this chamber before recordings began. Slices were then transferred to a 548 submerged recording chamber, continuously superfused with oxygenated (95% O2 -5% CO2) 549 aCSF (same constitution as the one used for maintenance of brain slices) at RT during 550 recordings. 551 was obtained by fitting a single exponential curve to the voltage deflection at -50pA, and the 610 membrane capacitance (Cm) was calculated using the formula Cm = τm/Rin. In addition, the 611 number of spikes generated in response to a 500ms step-pulse range from +100pA to +300pA 612 was measured. 613
To measure action potentials (APs) properties, we applied small supra-threshold 5ms 614 step-pulse currents to the cell from -65mV. The active properties were measured at the 615 minimum current stimulation (Rheobase, pA) that generated an AP. The AP threshold (mV) 616 was calculated by taking the first derivative of the voltage trace, defining a threshold and 617 identifying the voltage level at that time point. The rate of rise of the AP (dV/dt, mV/ms) was 618 the maximum value of that first derivative trace. The AP amplitude (mV) was defined as the 619 voltage difference between AP threshold and AP peak. The AP duration (ms) was calculated 620 by the full width of the waveform at the half maximal amplitude (half-width). The 621 afterhyperpolarization (AHP) minimum (mV) was defined as the minimum voltage right after 622 the AP. The AHP amplitude (mV) was calculated as the difference between the AHP minimum 623 and the AP threshold. The AHP time (ms) was defined as the time duration from the time 624 point of AP threshold to the AHP minimum. 625
The composition of our intracellular solution resulted in chloride reversal potential of 626 -60mV and Na + /K + reversal potential of +10mV. This allowed for measurements of 627 spontaneous excitatory postsynaptic currents (sEPSCs) to be recorded at -60mV and of 628 spontaneous inhibitory postsynaptic currents (sIPSCs) to be recorded at +10mV. 629
Automatically selected events were subsequently visually monitored to discard erroneously 630 included noise. The events showing only single peaks were selected for kinetics analysis. All 631 currents detected from every single neuron were averaged. The peak amplitude was 632 calculated as the maximum current value. The time constant of the decay phase was detected 633 by curve fitting with a single exponential decay function. 634
635
In vivo extracellular recordings 636 Surgery: Multisite extracellular recordings were performed in the PFC of P8-P10 (n=13) and 637 P20-P23 (n=14) C57/BL mice with both sexes. Mice were under urethane anesthesia 638 (intraperitoneal injection, 1 mg/g body weight; Sigma-Aldrich) before surgery. The bone over 639 the mPFC (0.8 mm anterior to bregma, 0.1-0.5 mm right to the midline) was carefully 640 673
Nissl Staining 674
Cryostat sections (12μm thick, see immunochemistry) were incubated in 1:1 100% 675 ethanol:chloroform overnight at RT. Then, sections were rehydrated for 1 min in 100%, 95% 676 ethanol solutions and dH2O at RT, followed by a 10-min incubation in 0.1% cresyl violet 677 solution at 50 o C. Sections were then dehydrated with dH2O, 95%, 100% ethanol and xylene 678 for 5 min and coverslipped with permount. Images from whole sections were obtained in 5× 679 magnification of a light microscope (Axioskop 2FS, Carl Zeiss AG, 268 Oberkochen, Germany) 680 and merged using Adobe Photoshop CC 2015, Adobe Systems, Inc. 681 682
Analysis for Immunochemistry, in situ hybridization and Nissl staining 683
The background color of each cropped image was converted to black, while the cells were 684 colored blue. The images were loaded into Matlab, where the number of 'blue' pixels was 685 counted per area (mm 2 ). Each cell was assumed to be composed of four pixels. Therefore, the 686 number of cells was measured as the total number of 'blue' pixels divided by four 87 . An 687 average number was calculated for the number of neurons from mPFC and BC sections from 688 each developmental group. 689 690
Western blots 691
Mice were decapitated following cervical dislocation, the brain was quickly removed, placed 692 in ice cold PBS (phosphate-buffered saline) and then positioned on a brain mould, where 1.5 693 mm slices were taken containing the mPFC and BC. The slices were placed on dry ice, and the 694 prelimbic area of mPFC was dissected out and stored at -80 o C. The BC was also isolated from 695 the corresponding slices and stored at -80 o C. Frozen tissue blocks were lysed in a solution 696 containing (in mM) HEPES 50, NaCl 150, MgCl2 1.5, EGTA 5, Glycerol 1%, Triton-X100 1%, 697 1:1000 protease inhibitors cocktail. Proteins ran on 8.5% bis-acrylamide gel and were 698 transferred onto a nitrocellulose membrane (Whatman GmbH, Dassel, Germany). The 699 membrane was blocked, incubated in rabbit polyclonal anti-K+/Cl-Cotransporter (KCC2) 700 (Merck KGaA, Darmstadt, Germany, 1:1000) or rabbit monoclonal anti-GAPDH (Cell Signaling 701 Technology Europe BV, Leiden, Netherlands, 1:1000), washed, incubated in secondary goat 702 anti-rabbit IgG Horseradish Peroxidase Conjugate antibody (Invitrogen, 1:5000), and digitally 703 exposed using the test normality test. The null hypothesis was rejected for a >5%. When four experimental 712 groups (P10 mPFC, P20 mPFC, P10 BC and P20 BC) were assessed and two variables were 713 taken into consideration (age and brain area), data were analyzed with a two-way ANOVA 714 with Fisher LSD, Sidak's or Tukey's multiple comparisons (electrophysiological recordings and 715 cell counting). When three groups (P10 mPFC, P20 mPFC and P10 BC) data were analyzed with 716 one-way ANOVA (electrophysiological recordings). For the comparison of in vivo spiking 717 activity between P10 and P20, statistical analyses were performed with MATLAB. Significant 718 differences were detected by one-way ANOVA. Significance levels of *p < 0.05, **p < 0.01, 719 ***p < 0.001 or ****p < 0.0001 were tested. For comparison of Western blot analysis, the 720 significant effect of each developmental age group from mPFC and BC was assessed using 721
Student's t-test depending on the experiment. 722 723 Reference: 724 
